Abstract To promote the tumor growth, angiogenesis, metabolism, and invasion, glioblastoma (GBM) cells subvert the surrounding microenvironment by influencing the endogenous activity of other brain cells including endothelial cells, macrophages, astrocytes, and microglia. Large number of studies indicates that the intra-cellular communication between the different cell types of the GBM microenvironment occurs through the functional transfer of oncogenic components such as proteins, noncoding RNAs, DNA and lipids via the release and uptake of extracellular vesicles (EVs). Unlike the communication through the secretion of chemokines and cytokines, the transfer and gene silencing activity of microRNAs through EVs is more complex as the biogenesis and proper packaging of microRNAs is crucial for their uptake by recipient cells. Although the specific mechanism of EV-derived microRNA uptake and processing in recipient cells is largely unknown, the screening, identifying and finally targeting of the EV-associated pro-tumorigenic microRNAs are emerging as new therapeutic strategy to combat the GBM.
Introduction
Understanding the communication between tumor cells and their surrounding microenvironment is rapidly becoming the new frontier in cancer research. It is now widely accepted that cancer cells, including GBM, exert their dynamic effects over their microenvironment from a normal to a tumor supportive state which permits sustained growth, angiogenesis, and invasion. GBM is the most frequent and malignant primary brain tumor in adults and despite the progress in understanding of GBM pathophysiology, surgical procedures and therapy options, the overall survival of GBM patients has remained poor with a prognosis of only 12-15 months [1, 2] . GBM has been described as a complex, heterogeneous tumor containing not only neoplastic cells but also cancer stem-like cells, endothelial cells, microglia, peripheral immune cells, neural precursor cells and reactive extracellular components. As GBM is characterized by extensive heterogeneity and variety of subtypes, a unique target which will eradicate the GBM cells has not been identified to-date. There is increasing evidence that communication between tumor cells and the surrounding components such as stromal cells, immune cells, and extracellular matrix may directly affect various hallmark features of GBM. Extracellular vesicles (EVs) are now emerging as entities engaged in intratumoral communication through which the horizontal transfer of functional proteins or nucleic acids (mRNA, DNA, microRNA, and long non-coding RNA) from the GBM cells to the normal brain cells occurs. In this review, we will discuss the current knowledge regarding the multifaceted roles of both cellular and EV microRNAs in shaping the GBM microenvironment. We also review the current state of knowledge on EVs as potential biomarkers of the disease.
Biogenesis of microRNAs
MicroRNAs belong to a family of small non-coding RNAs of approximately 22 nt that are involved in post-transcriptional control of gene expression by reducing the expression of target genes by partial complementary binding of their mRNA's 3 0 untranslated regions (UTRs) resulting in accelerated mRNA decay and/or blocks their translation into the proteins [3] . It is now established that the aberrant expression and microRNA activity are closely associated with several human disease including cancers [4] . Human genome encodes 2588 microRNAs identified by miRBase (release June 2014), transcribed from either the intergenic (*70 %) or intronic regions of proteincoding genes by RNA polymerase II [5] . While the intronic primary transcripts (pri-microRNAs) bypass the RNase III processing by Drosha-DGCR8 (DiGeorge syndrome chromosome region 8) complex, the pri-microRNAs from intergenic regions are cleaved by this microprocessor complex into a stem-loop precursor of approximately 70 nt (pre-microRNA) [5] [6] [7] . A single pri-microRNA can either produce an individual mature microRNA or contain clusters of several microRNAs that are transcribed from a common primary transcript. The hairpin structured premicroRNAs are then exported from the nucleus to cytoplasm by exportin-5 (XPO-5) and further processed by DICER 1, a RNase III enzyme [8] . DICER 1 and TAR RNA binding protein (TRBP) complex binds to the double stranded pre-microRNAs and further processes the stemloop pre-microRNAs into a *22 nt microRNA duplexes. These unstable microRNA duplexes are soon cleaved into single stranded mature microRNAs and loaded onto an Argonaute protein (AGO1, AGO2, AGO3 or AGO4) to form the microRNA induced silencing complexes (miRISCs) by a TRBP-dependent process. This miRISC complex then binds to the complimentary sequences of target mRNA for post-transcriptional gene silencing through mRNA decay or translation inhibition [9] . Considering the complex nature of mRNA-targeting, an individual mRNA can be coordinately repressed by multiple microRNAs and each microRNA may target hundreds of different mRNAs. It will not be thus an exaggeration that an individual microRNA can powerfully regulate the complex biological processes in a well-regulated fashion.
The role of microRNAs in pathophysiology of GBM Deregulation of microRNA expression has been observed in several cancers, including GBM. In 2005, two separate groups first described the functional role and the altered expression of microRNAs in GBM [10, 11] . A microarray analysis confirmed by Northern blotting of GBM tumor samples, as well as GBM cell lines showed aberrant expression of several microRNAs including miR-221, miR-128, miR-181a, miR-181b, and miR-181c [11] , while another study demonstrated that single microRNA (miR-21) is significantly upregulated at 5-100-fold in GBM when compared to normal tissue. Inhibition of miR-21 in GBM cell lines using antisense oligonucleotide regulated cell growth by increasing apoptosis without affecting cell proliferation, which suggested the oncogenic properties of this microRNA [10] . Since then ever increasing number of studies demonstrated both oncogenic or tumor suppressor roles of multiple microRNAs regulating the development and progression of GBM. The hallmark features of GBM such as uncontrolled malignant proliferation, increased angiogenesis and invasion, high rate of necrosis, diffuse infiltration, resistance to apoptosis and genomic instability [12] are caused not only due to the deregulation of certain signaling pathways controlled by protein-coding genes, but also as a consequence of the aberrant microRNA-mRNA interaction [13, 14] . In the next chapters we will describe subtype-specific pattern of certain microRNAs and illustrate the role of specific microRNAs as crucial regulators of signaling pathways related to GBM proliferation, stemness, angiogenesis, and metabolism.
MicroRNAs and GBM subtypes
Large scale genomic analysis of The Cancer Genome Atlas (TCGA) datasets based on the combination of genetic alteration, epigenetic changes and transcriptome modifications, revealed four GBM subtypes. GBM can be thus sub-divided into four major subtypes-proneural, neural, classical and mesenchymal [14] [15] [16] . The proneural subtype has better prognosis and TP53 is frequently mutated (in 54 % cases) along with common mutation in the isocitrate dehydrogenase 1 and 2 (IDH1/IDH2) and platelet derived growth factor receptor-a (PDGFR-a) genes. The classical subtype demonstrates high rates of epidermal growth factor receptor (EGFR) amplification. The mesenchymal subtype is characterized by frequent mutations in the neurofibromin 1 (NF1) (in 37 % of cases), phosphatase and tensin homolog (PTEN) and tumor protein p53 (TP53) genes whereas no distinctive mutation has been associated with neural GBMs. The differential expression of microRNAs between GBM subtypes suggests that deregulation of subsets of microRNAs can transform the tumor cell phenotype. Genomic analysis of microRNA expression profile obtained from the TCGA GBM dataset identified five subgroups in whose microRNA profiles largely overlap with the microRNA profiles of neural precursor from neuronal, oligoneuronal, multipotent, mesenchymal and astrocytic lineages [17] . The microRNA-based classification appeared to predict clinical outcomes more accurately than mRNA profile [18] . Some microRNAs have been linked to a specific GBM subtype such as the expression of miR-18 family and miR-218 which are significantly downregulated in mesenchymal subtype, whereas miR-34a has been shown to be preferentially expressed in proneural subset [19] [20] [21] . A group of nine microRNAs associated with pathobiology and therapeutic responsiveness of GBM, have been recently shown as a cluster of prognostic biomarkers [22] . Based on TCGA microRNA dataset, miR-128 can also classify more aggressive mesenchymal phenotype as its expression is significantly downregulated in this subtype compared to proneural [23] . Overall, these microRNA-based classifications of GBM subtype should be integrated with the mRNA expression to provide comprehensive information for better disease diagnosis.
MicroRNA and proliferation of GBM cells
Highly elevated cell proliferation in GBM is ascribed mainly to excessive proliferative signals caused by the aberrant activity of several receptor tyrosine kinases (RTK) such as PI3K/AKT and RAS/mitogen-activated protein kinase (MAPK) pathways. Several RTK signaling pathways such as EGFR, PDGFR-a, MET proto-oncogene (MET) and fibroblast growth factor receptor (FGFR) are genetically deregulated in GBM [14, 24] . Several microRNAs such as miR-128 [23] , miR-218 [20] , miR-181c [25] , miR-7 [26] , miR-124, miR-137 [27] , and miR-34a [28] can regulate cell proliferation of GBM by direct targeting of the oncogenic kinases such as EGFR and PDGFR-a. Using both in vitro and in vivo approaches miR-128 has been shown to target these RTKs and repress the growth of GBM stem cells by enhancing neuronal differentiation [23] . MiR-218 acts as a suppressor of GBM proliferation by targeting multiple RTK pathway molecules such as EGFR, phosphoinositide-specific phospholipase C c1 (PLCc1), a-Raf proto-oncogene, serine/threonine kinase (ARAF), and phosphatidylinositol-4-phosphate 3-kinase catalytic subunit type 2 alpha (PIK3C2-a) which are also mediators of the activation of hypoxia inducible factors (HIFs), mainly HIF2a [20] . PI3-Kinase/AKT pathway is the major downstream signaling route of active EGFR increasing the proliferation of tumor cells. Overexpression of miR-181c in GBM cells inhibited the phosphorylation of AKT and reduced the proliferation and invasion of GBM [25] . MiR-7 inhibits both EGFR and AKT pathways reducing GBM cell viability either by direct binding to EGFR mRNA or by targeting insulin receptor substrate (IRS) 1 and 2, major upstream regulators of AKT pathway [26] . As an oncogenic microRNA, miR-148a reduced EGFR trafficking for endosomal and lysosomal degradation by inhibiting MIG6 expression resulting in reduced degradation and elevated expression and activation of EGFR, thus increasing migration and invasion by promoting GSC neurosphere formation [29] . As tumor suppressor microRNAs, miR-124 and miR-137 induce differentiation of adult neural stem cells, oligodendroglioma-derived stem cells and GBM-derived stem cells and inhibit the GBM cell proliferation [27] . The expression of miR-34a and activity of EGFR are inversely correlated in GBM samples and forced expression of miR-34a has been shown to regulate the EGFR activity and expression of cell cycle proteins [28] . As a negative regulator of EGFR expression and activity, all the microRNAs described above are expressed at a very low level in GBM tissue or cell lines. Apart from few upregulated pro-oncogenic microRNAs such as miR-21, miR-10b, and miR-26a in general, the majority of microRNAs deregulated in numerous malignancies are expressed at much lower level in cancer tissues compared with their normal counterpart [30] . Oncogenic miR-21 targets several key factors for both the pro-apoptotic programmed cell death protein 4 [31] and the anti-invasive matrix metalloproteinase regulators RECK (reversion-inducing cysteine-rich protein with kazal motifs) and tissue inhibitor of metalloproteinase 3 [32] . Knock down of miR-21 and induction of tumor necrosis factor-related apoptosis inducing ligand (TRAIL) in GBM cell lines led to significant reduction of tumor growth in vivo by synergistic apoptotic effects via enhanced caspase activity [33] . In GBM levels of sprout homolog 2 (SPRY2) and miR-21 are inversely correlated, and increased level of miR-21 regulates the level of Spry2 mRNA which is also one of key regulators of GBM invasion, by disrupting the negative feedback circuit of Ras/ MAPK signaling [34] . MiR-10b, another microRNA frequently studied in GBM, is highly upregulated and a significant correlation has been observed between WHO grades and the expression of this microRNA [35] . This microRNA targets many tumor suppressive genes including TP53 and inhibits the pro-apoptotic signaling/upregulate proliferation by direct targeting Bim, activation protein 2c, and the cell cycle inhibitors p16 and p21 [36] . The expression of miR-17*92 cluster (comprising of miR-17-3p, miR-17-5p, miR-18a, miR-19a, miR-19b, miR-20a, and miR-92a) is upregulated in GBM tissue and cell lines [37, 38] and facilitates GBM proliferation by targeting of antiproliferative genes, such as transforming growth factor (TGF) beta receptor II, SMAD family member 4 (SMAD4) [38, 39] . Another example of pro-oncogenic microRNA in GBM is miR-26a which can promote proliferation both in vitro and in vivo by increasing AKT phosphorylation as a downstream effect of decreasing protein expression of PTEN, retinoblastoma 1, and mitogen-activated protein 3 kinase 2 (MAP3K2)/MAP extracellular signal-regulated kinase 2 (MEKK2) [40] . Overall, these studies suggest that microRNAs functionally integrate into crucial pathways of GBM cell proliferation, and that the deregulation of these microRNAs is accountable for sustaining proliferative signaling in these cells.
MicroRNA and glioblastoma stem cells
Relatively small sub-population of GBM cells retain stem cell properties, that is highly tumorigenic [41] [42] [43] and therapy-resistant [44] , is known as glioblastoma stem cells (GSC). This specific sub-population of cells has the ability to generate a tumor upon intracranial transplantation that recapitulates the cellular heterogeneity and molecular characteristics present in the parental tumor, indicative of crucial role in gliomagenesis and progression of GBM [41, 43] . Several deregulated microRNA have been identified to regulate signaling pathway related to the stemness and selfrenewal by targeting SOX2, NOTCH, TGF-b and polycomb repressor complex (PRC) dependent signaling pathway. Overexpression of miR-137, microRNA weakly expressed in GSCs, have been reported to significantly decrease the self-renewal of GSCs and other stem cell markers such as OCT4, NANOG, SOX2 and Sonic Hedgehog (SHH) [45] . Expression of SOX2 has inverse relationship with the level of miR-21 in GBM and both in vivo and in vitro studies and in silico analysis of TCGA confirmed that miR-21-dependent suppression of SOX2 could significantly affect the stemness network [46] . Reprogramming transcription factors OCT4 and SOX2 trigger GBM cells to change into stem-like and tumorpropagating cells and recently, miR-148a repression was shown to be required for this microRNA-dependent transcriptional axis involving direct DNA methyltransferase (DNMT) promoter transactivation [47] . Notch-dependent pathway controlling GSC stemness has been shown to be regulated by miR-34a [48] and miR-326 [49] . TGF-b and nuclear factor-kappa b (NF-jb) have been identified as factors important in maintenance of GSCs and a regulation of TGF-b signaling by miR-34a has been shown via SMAD4 transcription factor dependent pathway [19] . GSC self-renewal is partially regulated by maintaining the cellpopulation balance between induction of apoptosis/differentiation and those gained through proliferation. MiR-363 and miR-582-5p, two microRNAs highly expressed in GSCs, regulate the self-renewal process by direct targeting of anti-apoptotic factors such as Caspase 3, Caspase 9 and Bim [50] . Our group has demonstrated a crucial link between miR-128, which is significantly downregulated in GBM, with the ability of GSCs to self-renew [51] . We have shown that miR-128 coordinately targets both PRC components PRC1 by targeting B lymphoma Mo-MLV insertion region 1 homolog (BMI1) and PRC2 by targeting suppressor of Zeste 12 Homolog (SUZ12), epigenetic regulators of chromatin status. MiR-128 mediated inhibition of both PRCs blocks their partially redundant function [52] and associated chromatin modifications. Stable overexpression of miR-128 in GSCs changed their molecular landscape by downregulating signaling pathways related to the maintenance of stemness properties. The role of miR-128 in tumorigenicity was also demonstrated by using a genetically engineered mouse model of GBM. Loss of miR-128 expression in neural stem cells precedes the onset of symptoms of tumor in mice and thus indicates that loss of miR-128 is an early event in GBM pathogenesis [52] . Recently, using in silico analysis of TCGA, miR-31 and miR-148a has been identified to be associated with GBM growth and progression. Both in vivo and in vitro studies showed that inhibition of these two microRNAs reduced GSC proliferation, normalized tumor vasculature, suppressed tumor growth and increased animal survival via HIF-1a dependent Notch signaling pathway [53] . GSC self-renewal and maintenance is also supported by some cell adhesion factors and miR-145 has been demonstrated to interact with junctional adhesion molecule-A (JAM-A) to regulate GSC stemness [54] . MiR-134 targeting KRAS and STAT5b, has also been demonstrated to regulate GSC self-renewal and stemness both in vitro and in vivo [55] . These studies thus indicate that several microRNAs have a prime role in the regulation of GSCs by regulating selfrenewal, proliferation and differentiation through the regulation of stemness specific genes at molecular level.
MicroRNA and angiogenesis in GBM
Angiogenesis is a complex process of sprouting of endothelial cells into micro-vessels to provide nutrients and oxygen to the tumor cells. The interactions between blood vessels and infiltrating tumor cells facilitate the tumor growth and metastasis [56] . The angiogenesis of GBM occurs through microvascular hyper-proliferation influenced by abundance of growth factors and extracellular matrix with in tumor microenvironment [56] . To verify whether microRNAs can be used as therapeutic inhibitors of angiogenesis, the involvement of miR-7 in the regulation of the angiogenic process in GBM has been studied [57] . Overexpression of miR-7 in endothelial cells resulted in inhibition of cell viability, tube formation, sprouting and migration in a xenograft model of GBM cell line [57] . MiR-137 was recently shown to regulate the proliferation and angiogenesis of GBM cell line in vivo by directly targeting enhancer of zeste 2 (EZH2) [58] . Hypoxia and HIF-1 have been shown as critical regulator of neovascularization. Various HIF-1 target genes have been shown to regulate the angiogenesis by promoting the migratory and mitogenic activities of endothelial cells [59] . Recently miR-218 has been shown to regulate HIF activity through RTK pathway and thus control angiogenesis in mesenchymal GBM subtype [20] . Using subcutaneous xenograft model of GBM, co-culture of endothelial cells with GBM cells overexpressing miR-93 promoted endothelial cells growth, migration and tube formation by targeting the expression of integrin-b8 [60] . GBM cells are known to facilitate angiogenesis through hyper activation of vascular endothelial growth factor (VEGF) [56] . MiR125b is downregulated in GBM-associated endothelial cells, resulting in overexpression of its target, myc-associated zinc finger protein (MAZ), a transcription factor that regulates the expression of VEGF [61] . Recently our group has showed that overexpression of tumor suppressor miR-1 in GBM cells significantly inhibited the angiogenesis and invasion both in vivo and in vitro through altered secretion of pro-angiogenic factors into the microenvironment [62] . Taken together, these studies demonstrated the relationship between microRNA alterations in GBM cells and the mechanisms of microRNA-mediated regulation of tumor angiogenesis. Further investigations will provide valuable insights into the pivotal roles played by microRNAs in GBM angiogenesis.
MicroRNA and metabolism of GBM
In rapidly proliferating cancer cells like GBM, metabolic alterations are intrinsically involved in tumor growth that adapts the cancer cell to survive in low glucose/low ATP conditions in hypoxic microenvironments. The interference with this metabolic features is termed 'Warburg effect' [63] . Our laboratory has focused on the role of miR-451 as a potent regulator of GBM metabolism and invasiveness [64] [65] [66] [67] . In a high glucose environment, the expression of miR-451 is maintained at high levels in GBM cells and acts as a potent inhibitor of adenosine monophosphate-activated protein kinase (AMPK) complex by directly targeting calcium binding protein 39, an essential co-factor of liver kinase B1 (LKB1) that activates AMPK [68] . Overexpression of miR-451 sensitized GBM cells to low glucose microenvironment and strongly inhibits their migration in vitro [64, 65] . In a recent study from our group, we have also demonstrated that in a glucose-deprived microenvironment, active AMPK complex phosphorylates OCT1 which is sufficient to reduce the transcription of miR-451 in GBM cells [66] . Octamer binding protein 1 (OCT1) thus acts as transcriptional regulator of miR-451 expression and endogenous OCT1 was recruited to the promoter of miR-451 gene in a glucose-dependent manner [66] . Our findings suggest that the AMPK/OCT1/miR-451/LKB1 loop provides a nutrient-dependent regulatory mechanism so that GBM cells can adapt to altered microenvironmental conditions. The AMPK-regulated inactivation of the OCT1 transcriptional activator of miR-451 facilitates GBM cells leaving low glucose areas. We found miR-451 as unique microRNA that is not deregulated in GBM cells, but which activity is well-regulated by microenvironmental niche by promoting or suppressing brain tumor cell phenotypes.
Another metabolic regulator, pyruvate kinase isoform 2 (PKM2) is also a core regulator of GBM cell metabolism and tumor growth. Tumor suppressive miR-326 has been demonstrated to directly target PKM2 which is highly expressed in GBM tissue compared to normal brain suggesting that miR-326 could regulate the GBM metabolism through the downregulation of PKM2 [69] . C-Myc is another critical regulator of tumor cell metabolism including GBM and its expression can be regulated by miR-34c in a mTOR complex 2 dependent forkhead box O3 A (FOXO3A) transcriptional signaling mechanism [70] . Overall, by controlling metabolism of GBM cells these microRNAs contribute to the regulation of migratory and invasive phenotypes of the tumors.
MicroRNA and immune regulation in GBM
The GBM immuno-phenotype is significantly altered in comparison to the normal brain, and is characterized by leakage in blood-brain barrier, acidosis due to high rate of glycolytic activity, hypoxia, accumulation of tumor-specific antigens and infiltration of leukocytes/macrophages from the peripheral circulation [71] . GBM tumors mediate profound immune suppression by increasing the secretion of immuno suppressive cytokines such as prostaglandin E, interleukin (IL)-1, IL-10, and TGF-b secreted by regulatory T-cells (Treg) to the microenvironment [72] . Some recent findings show the role of microRNAs in GBM-mediated immune suppression and linked microRNAs as potent candidates for immunotherapeutic agents against GBM [72] [73] [74] [75] [76] [77] [78] [79] [80] . Over expression of tumor suppressive miR-124 in Treg cells isolated from GBM samples reduced the immune suppressive properties by reversing a block in T cell proliferation and inhibiting the signal transducer and activator of transcription 3 (STAT3) driven immune response [74] . The main surface receptor of cytotoxic T lymphocytes (CTL), CTLA4 is considered as one of the immune checkpoints for tumor-mediated immune suppression and an earlier study showed that inhibition of oncogenic miR-222 and miR-339 increased the susceptibility of GBM cells to CTLs by targeting the activity of intra-cellular adhesion molecule 1 (ICAM-1) [75] . In a very recent scientific report, miR-138 has been demonstrated to target both immune checkpoints CTLA4 and program cell death -1 (PD-1) to inhibit tumor-infiltrating Tregs and subsequently released the brake by these immunosuppressive cells within the GBM microenvironment [78] . In GBM, tumor associated macrophages are the largest population of infiltrating immune cell and after adopting tumor-specific M2 phenotype, they are recruited to the tumor site to mediate the immune suppression [76] .
Recently, miR-142 weakly expressed in GBM-specific M2 macrophages has been demonstrated to regulate the GBM immunity by reducing the macrophage infiltration through TGF-b signaling pathway [77] .
MiR-17-92 is downregulated in T-cells derived from GBM patients and it was shown that the over expression of miR-17-92 and chimeric antigen receptor (CAR) in T-cells improves the therapeutic efficacy in a preclinical model of GBM [79] . Recent study from the same group, demonstrated that overexpression of miR-17-92 promoted CD8 ? T cell proliferation and enhanced IFN-c production and cytotoxicity which provided resistance to immunosuppressive effect of TGF-b1 [80] . To develop targeted immunotherapy, the identification of specific mechanisms of microRNA targeting of GBM-specific immune modulators is a promising approach that could lead to augmenting of the activity of tumor-infiltrating immune cells in the tumor microenvironment resulting in GBM regression.
Biogenesis and composition of EVs
EVs are membrane-surrounded particles released by most human cells. Based on their subcellular origin, size, and composition, several classes of EVs have been described including exosomes and microvesicles [81] . However, the overlap of size range and the lack of standard isolation protocols make it difficult to obtain a homogeneous population of vesicles.
Exosomes are the smallest vesicles with a diameter ranging between 30 and 100 nm, and with a characteristic cup-shaped morphology. They originate by inward budding of the endosomal membrane leading to the formation of multivesicular bodies (MVBs). Exosomes are then released into the extracellular milieu by the fusion of MVBs with the plasma membrane [82] . Larger microvesicles range from 100 to 1000 nm and originate from the plasma membrane through a mechanism similar to virus budding [83] . In this review we will refer to all the different classes of vesicles as EVs.
EVs transport several bioactive molecules including proteins, DNA, mRNAs and non-coding RNAs (e.g., microRNAs and long non-coding RNAs). The specific composition of EVs varies greatly depending on the cell of origin and a unique tissue/cell type EV signatures were revealed [84] . Conserved sets of vesicular proteins also exist and are now used as markers to distinguish exosome from microvesicles. In fact, the molecules engaged in biogenesis of MVBs, such as Alix and Tsg101, are highly associated with exosomes [82] . Exosomes also contain Rab proteins, the largest family of small GTPases, which regulate docking and fusion of MVBs with the plasma membrane [85] . Microvesicles instead originate from plasma membrane domains specifically enriched in membrane proteins such as integrin-b1 [86] .
In the brain, secreted EVs are involved in the cross-talk between neurons, glial and endothelial cells to regulate several physiologic processes such as the formation of blood-brain barrier [87, 88] . An emerging theme in neuro-oncology is that brain cancer cells mold the tumor microenvironment to their advantage in part by the release of substantial quantities of EVs containing cancer-specific molecules, including pro-oncogenic microRNAs. MicroRNAs represent about one-third of all small non-coding RNAs identified in GBM EVs [89] . GBM EVs, as well as EVs derived from other tumors, contain microRNA signatures that only partially reflect the microRNA composition of the tumor cell of origin, with several microRNAs that are specifically enriched in the tumor EVs [89] [90] [91] . The specific sorting of microRNA into EVs has been described to be driven by the binding of sumoylated heterogeneous nuclear ribonucleoprotein A2/B1 (hnRNPA2B1) to specific EXO motifs present in the sequence of mature microRNAs. Mutation of these EXO motifs or hnRNPA2B1 reduced expression level resulted in impaired selective loading of microRNAs into the EVs [92] . More recently post-transcriptional modification of microRNA has been suggested as an additional mechanism for selective sorting of microRNAs. More specifically, it has been shown that microRNAs with adenylated 3 0 end are relatively enriched in the cells, whereas 3 0 end uridylated microRNAs are found mostly in EVs [93] . Interestingly, mature miR-451 that is a microRNA highly secreted by GBM cells [94] , contains two uracil residues at the 3 0 end. This microRNA was shown to be preferentially sorted into EVs without undergoing post-translational modifications, suggesting that the presence of the uracil residues itself is sufficient as a sorting signal [93] . These findings show that the secretion of microRNAs through EVs is not a passive process, and suggest that selective packaging of specific microRNAs into EVs may play an important role in the modulation of the tumor microenvironment.
Interaction of EVs with recipient cells
It has been demonstrated that upon release from their cell of origin, EVs are avidly taken up by recipient cells both in vitro [62, 95] and in vivo [94, 96] . Moreover, it seems that EVs do not interact with just any cell they come into contact with, but rather only with cells that they specifically recognize [97] [98] [99] . Hoshino and colleagues have elegantly demonstrated that tumor-derived EVs are internalized by organ-specific cells and that this process played an important role in the preparation of the pre-metastatic niche [100] .
Equally important is the nature of EV interaction with the recipient cell. In some cases, it is restricted to the surface and mediated, at least in part, by receptor binding [101] . In such case, EVs may act as signaling complexes by direct stimulation of receptors on the surface of recipient cells. EVs may also directly fuse with the plasma membrane of recipient cells releasing their content into their cytoplasm. This process may also be important in the transfer of receptors between the cells. In fact, GBM cells expressing the oncogenic form of EGF receptor (EGFRvIII) release EVs containing the EGFRvIII that is transferred to other cancer cells expressing wild-type receptor. Such inter-cellular transfer leads to aberrant intra-cellular signaling by the oncogenic receptor and subsequent transformation of the recipient cells [102] . Finally, EVs can be internalized by the target cells through endocytosis [103, 104] . This process requires an initial receptor-mediated binding step followed by the internalization. In GBM EVs this binding seems to be, at least in part, mediated by heparan sulfate proteoglycans [105, 106] . Once endocytosed, EVs may release their content in the cytoplasm by fusion with the membrane of the endocytic compartment [107, 108] , or they may be shared between neighbor cells through the formation of inter-cellular connections called nanotubes [109] .
Role of EV microRNAs in the modulation of GBM microenvironment
GBM EVs have been shown to be enriched in several oncogenic microRNAs including miR-21, miR-23a, miR30a, miR-221 and miR-451 [89] . EV-mediated exchange of these oncogenic microRNAs between GBM cells may represent an important mechanism to regulate tumor cell growth, invasion and survival. In parallel, GBM EV microRNAs can be transferred to non-malignant cells in the microenvironment changing their phenotype to promote tumor progression. Van der Vos and colleagues have shown that GBM EVs interact in vivo with microglia/macrophages to deliver functional miR-21 and miR-451. Exposure of microglia/macrophages to GBM EVs resulted in increased level of both microRNAs in the recipient cells with consequent decrease in the levels of the common target c-Myc [94] .
GBM EVs can also be internalized by endothelial cell inducing their activation [95] . During GBM progression the formation of a hypoxic environment causes the activation of stress response pathways inside the tumor cells that in turn result in generation of EVs enriched in hypoxiaregulated mRNAs and proteins. Such secreted EVs then mediate a hypoxia-dependent inter-cellular communication between GBM and endothelial cells that results in strong activation of tumor neovascularization [110] . Thus changes in EVs composition and their effects in the environment overwhelmed by hypoxia may be, at least in part, due to changed microRNA signature in hypoxic GBM cells. In fact, upon hypoxic stress, several microRNAs have been shown to be upregulated, including miR-210, miR-1275, miR-376c, miR-23b, miR-193a and miR-145. Among these, miR-210 is the most upregulated microRNA during hypoxia. Expression of miR-210 represses glycerol-3-phosphate dehydrogenase 1-like (GPD1L) and HIF3A which, in turn, stabilize HIF1A resulting in increased level of its downstream target VEGF [111] . Interestingly, it has been shown that during hypoxia miR-210 itself can be secreted through EVs to directly affect endothelial cell response [112] . Thus changes in cellular microRNA expression may affect EV composition both at microRNA and proteome/mRNA level.
Our group has recently shown that ectopic expression of the tumor suppressor miR-1 in GBM results in inhibition of tumor growth, invasion and neovascularization. This effect was in part due to alteration of GBM EV cargo, including augmented levels of the mature miR-1 in released EVs. We found that reintroduction of miR-1 resulted in the coordinated targeting of the key oncogenic GBM network composed of ANXA2, MET, JNK and members of the polycomb repressor complex. Analysis of the composition of EVs secreted by miR-1 overexpressing GBM cells also revealed ANXA2 as the most downregulated protein.
Moreover, we demonstrated functional transfer of EV miR-1 to recipient cells resulting in reduced levels of its targets [62] . In summary, our data showed how modulation of microRNA expression may be an alternative strategy for the development of new therapies for the management of GBM.
EV microRNAs as GBM biomarkers
The ability of a single microRNA, or a group of microRNAs, to regulate the expression of multiple genes, both in tumor cells and in the microenvironment, highlight the importance of microRNAs as major component of the inter-cellular communication. MicroRNAs expression in the cancer cells have also been shown to reflect the tumor stage, subtype and stress response [4, 111, [113] [114] [115] . For these reasons microRNAs can be very promising biomarkers for monitoring GBM recurrence and patient response to chemotherapy. The current option for monitoring GBM over-time based on repeated stereotactic biopsyis not optimal, and it is associated with increased risks [116] . Moreover, biopsies may not reflect the heterogeneity of GBM tumors. EVs have been found in several body fluids including blood [117] , urine [118] , saliva [119] and cerebrospinal fluid (CSF) [120] . Thus, microRNAs circulating in complex with tumor-originated EVs represent a potential source of biomarkers for early detection and monitoring of tumor response to treatment.
Among the microRNAs, miR-21 is of particular relevance as a biomarker being one of the most upregulated microRNAs in GBM. A meta-analysis performed by Qu and colleagues to assess the diagnostic value of microRNAs showed that miR-21 as the most powerful clinical biomarker in diagnosis of GBM [121] . In fact, levels of EV-bound miR-21 s in CSF have been shown to be a good marker to discriminate between GBM and non-oncologic patients [120] . MiR-21 has been also found to protect GBM cells from TMZ-induced apoptosis by inducing a reduction of the pro-apoptotic protein BAX associated with reduced activity of caspase-3 [122] . This suggests that miR-21 may be useful as a biomarker to predict patient response to chemotherapy. Analysis of microRNAs in the CSF also revealed that levels of miR-10b, together with miR-21, are elevated in patients with GBM and brain metastases, when compared to control patients and patient in remission. On the contrary, members of the miR-200 family were present only in the CSF of patients with metastatic brain tumors but not GBM, allowing discrimination between the different types of brain tumors [123] .
Another source of GBM biomarker is patient serum. It has been found that, compared to normal controls, patient with GBM presented with elevated levels of miR-128 [124] , miR-320 and miR-574-3p [125] in the serum. Interestingly, both miR-128 and miR-320 have been shown Fig. 1 Mechanism of microRNA action and secretion into the tumor microenvironment. Primary microRNAs are transcribed in the nucleus by DNA polymerase II and then cleaved to generate precursor microRNAs (premicroRNAs). Pre-microRNAs are then transferred to the cytoplasm were they are further processed by Dicer to form the 17-23 nucleotide long mature microRNAs. Such mature microRNAs can bind the target mRNA to regulate their stability and translation, or they can be secreted through extracellular vesicles (EVs). EVs may generate directly from the cell plasma membrane, or they can be released by fusion of the multivesicular bodies (MVBs) with the plasma membrane. After secretion, GBM EV microRNAs are taken up by other tumor cells or normal cells in the microenvironment to change their phenotype and support tumor progression. GBM EV microRNAs are also released into the cerebrospinal fluid and into the bloodstream were they can be collected for detection of tumor biomarkers to be tumor suppressor microRNAs [51, 52, 126] with a reduced expression in GBM tissue in comparison to the normal counterpart [51, 127] . Thus additional studies will be required to identify the source of these microRNAs in the blood of GBM patients.
Conclusions
MicroRNAs are important modulators of the tumor pathophysiology in GBM, as well as in other cancers. Recent findings have also shown the role of microRNAs as mediators of the inter-cellular communication within the GBM tumor microenvironment. MicroRNAs are secreted into the extracellular milieu, at least in part by EVs, and then taken up by normal and cancer cells to sustain and promote tumor growth (Fig. 1) . GBM EVs transport several tumor-specific microRNAs; however the function of most of these microRNAs has still to be characterized. Better understanding of the role of secreted microRNAs may unveil novel mechanism of GBM progression and resistance to current treatments, and may provide novel diagnostic and prognostic biomarkers. In turn, these biomarkers can be used for the development of targeted therapies aimed at improving GBM patients' outcomes.
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